Enhanced expression and activation of matrix met-alloproteinase-2 (MMP-2) and MMP-9 have been associated with tumor progression, invasion, and metastasis. The use of synthetic MMP inhibitors to block the proteolytic activity of these enzymes recently emerged as a potential therapeutic tool to treat cancer. In this study, we report that GI129471, a synthetic broad-spectrum MMP inhibitor, efficiently reduced the in vitro invasiveness of HT1080 cells through type IV collagen, a major component of basement membranes. This reduced invasion was paralleled by a complete inhibition of pro-MMP-2 activation; however, GI129471 strongly increased the amount of secreted pro-MMP-9, which could be subsequently activated through a plasminogen-dependent mechanism. Quantitative RT-PCR and northern blot analysis revealed that GI129471 specifically increased the MMP-9 mRNA steady-state level. Moreover, transient transfection of HT1080 cells with β-galactosidase reporter vectors containing different lengths of the 5'-flanking region of the MMP-9 gene revealed an upregulation of the transcriptional activity of the corresponding promoter. Well-known modulators of MMP-9 expression such as 11-1β and TNF-α were not involved in this upregulation. These findings emphasize the complexity of the regulation of MMP expression and the requirement for a detailed characterization of the potential adverse side effects associated with the use of broad-Spectrum MMPIs.
INTRODUCTION
Tumor invasion and metastasis represent a complex process that depends on the cyclic repeat of three fundamental steps: (1) adhesion to the extracellular matrix (ECM) components, (2) local degradation of the ECM, and (3) migration through the degraded components [1] . Proteolysis of ECMs, and especially basement membranes, is considered a key event during this process [1, 2] . Several classes of proteinases, including aspartic-, cysteine-, and serine proteinases as well as matrix metalloproteinases (MMPs) have been implicated in tumor invasion [3] . The MMPs, a family of zinc-dependent endopeptidases, appear as essential contributors to tumor progression [4] . Due to their unusual ability to cleave and degrade several ECM components, including type IV collagen, fibronectin, and laminin as well as denatured collagens, MMP-2 and MMP-9 are thought to play critical roles during tumor invasion and metastasis [5] [6] [7] [8] [9] [10] .
The expression of MMP-9 is subjected to transcriptional regulation by different factors including cytokines, growth factors, ECM components, and other agents such as 12-O-tetradecanoyl-phorbol-13-acetate (TPA) [11] [12] [13] . In contrast, MMP-2 is constitutively expressed in many cell types and its transcription is not readily induced by these factors. Most MMPs are secreted as latent zymogens (pro-MMPs) requiring proteolytic processing in the N-terminal region in order to become catalytically active [14] . This proteolytic maturation is essentially mediated by serine proteinases (including plasmin and trypsin) or some activated MMPs. Unlike most MMPs, pro-MMP-2 appears resistant to these "classical" activators [15, 16] and a membrane-type MMP (MT1-MMP) has been shown to mediate pro-MMP-2 activation [16] [17] [18] .
In addition to these transcriptional and posttranscriptional regulations, MMP activities are controlled by specific inhibitors known as tissue inhibitors of metalloproteinases (TIMPs). TIMPs inhibit active MMPs by forming with the enzyme tight 1:1 stoichiometric non covalent complexes [19] . Consequently, the net degradative potential of MMPs reflects the proportion of active enzymes not bound to TIMPs.
There is now a considerable body of evidence indicating that in many forms of human malignancies the regulation of MMP activities is abnormal. Several MMPs are expressed in cancers at higher levels than those found in normal tissues or benign tumors. Moreover, excessive ECM degradation observed during tumor invasion and metastasis frequently correlates with an imbalance of MMPs over TIMPs [20] . Hence, restoration of this balance by adding exogenous inhibitors was contemplated for anti-cancer therapy. Indeed, both physiological (TIMPs) and nonphysiological MMP inhibitors (MMPIs) efficiently inhibited tumor invasion and metastasis in several in vitro and in vivo models [21] [22] [23] [24] . However, due to their relatively large size and their short half-life in vivo, TIMPs were not considered suitable for therapeutic applications. Nonphysiological MMPIs essentially include low molecular weight synthetic inhibitors which inhibit the catalytic activity through zinc-binding chemical groups including hydroxamates, carboxylates, aminocarboxylates, sulphydryls, and phosphorus acid derivatives [23] . Among these MMPIs, hydroxamic acid based compounds were demonstrated as potent inhibitors of both tumor growth and invasion [21] [22] [23] . Several synthetic MMPIs are currently in phase II/III clinical trials in a number of solid tumors [20, 24] .
This work was primarily undertaken to investigate the influence of one synthetic MMPI on the in vitro invasiveness of tumor cells. A stimulation of MMP-9 expression has been observed with some inhibitors and was documented. These results show that the use of broad-spectrum synthetic MMPIs for therapeutic purposes should be considered with caution.
MATERIALS AND METHODS

Cell culture and reagents.
HT1080 (human fibrosarcoma), CKEJ (human HPV-33 transformed cervix keratinocyte), C.IV.3, and S.I.5 (vector control and MTl-MMP-transformed A2058 human melanoma, respectively [25] ), MCF7 and BT549 (two human mammary carcinomas), and human primary skin fibroblasts were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) heat-inactivated fetal bovine serum, penicillinstreptomycin (100 IU/ml-100 µg/ml), 2 mM glutamine, and 10 mM Hepes buffer at 37°C in a humid atmosphere (5% CO 2 -95% air). All culture reagents were purchased from Gibco-Life Technologies (Merelbeke, Belgium). [26, 27] , BB-94 [26] , and AG3340 [28] are broad-spectrum hydroxamic acid based synthetic MMPIs (all these inhibitors were kindly provided by Roche Diagnostics and synthesized according to the PCT Patent Applications WO 90/05719 [GI129471 and BB-94] and WO 95/04735 [AG3340]). Recombinant human TIMP-1 (rTIMP-1) was a gift of Prof. G. Murphy (School of Biological Sciences, University of East Anglia, Norwich, UK). Recombinant human TIMP-2 (rTIMP-2) was produced from transformed CHO cells conditioned medium as previously described [29] . Human plasminogen was purified by affinity chromatography on lysineSepharose [30] . In-terleukine-1β (0.05-5 ng/ml) and tumor necrosis factor-α (0.011-11 ng/ml) were purchased from Genzyme (Cambridge, MA). MAB936, a mouse anti-human MMP-9 monoclonal antibody was from R&D Systems. 4-Aminophenylmercuric acetate (APMA) was obtained from Sigma (St. Louis, MO).
Preparation of conditioned media and cell extracts.
Cell suspensions were prepared in serum-free medium and plated in 96-well plates (200 µl/well; Falcon, BectonDickinson, Meylan, France) as described [31] . Cells were treated with either GIl29471 (0.01-1 µM) dissolved in dimethylsulfoxyde (DMSO; 0.1%), TPA (10 ng/ml; Sigma, Bornem, Belgium), rTIMP-1 (0.01-1 µM), or rTIMP-2 (0.01-1 µM). Controls consisted of either culture medium supplemented with DMSO alone (0.1%) in the case of GI129471, or unsupplemented medium in the case of TPA and TIMPs treatments. The resultant culture supernatants were collected after different incubation times and stored at-20°C. Cell monolayers were washed once with 100 µl serum-free medium and either extracted by incubation in 50 µl of Ripa buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P40, 1% Triton X-100, 1% Na-deoxycholate, 0.1% SDS; supplemented with Complete Mini protease inhibitor cocktail [Roche]) for 2 h at 4°C, or stored at -80°C before RNA extraction.
Gelatin zymography.
Analysis of gelatinolytic activities in conditioned media and cell extracts was performed by gelatin zymography as described [31] . The relative gelatinolytic activity corresponding to MMP-9 was evaluated by scanning densitometry of the gels using a GS-700 Imaging Densitometer (Bio-Rad, Hercules, CA) equipped with Molecular Analyst Software. Results were expressed as ratios of MMP-9 produced by GI129471 or TPA-treated cells to MMP-9 produced by control cultures. A value of 1 was arbitrarily given to the control conditions.
Isolation of RNA and Northern hybridization analysis.
Total RNA was extracted from the cell monolayers by RNAzol B treatment (Biogenesis, Bournemouth, UK). An aliquot of RNA (15 µg/lane) was electrophoresed on 1% agarose gels containing 10% formamide and transferred to nylon membranes (Hybond-N, Amersham, Gent, Belgium). Blots were probed with cDNAs labeled with 32 P using random priming synthesis (Roche Molecular Biochemicals, Mannheim, Germany). The cDNAs used as probes included human MMP-1, MMP-2, MT1-MMP, TIMP-1, and TIMP-2. The membranes were rehybridized with an oligonucleotide probe of human 28S rRNA (Clontech Laboratories, Palo Alto, CA), which served as a control. The amounts of the different transcripts were quantified by densitometric analysis of autoradiographs of the Northern blots. All results were corrected for RNA loading by densitometric data obtained for the 28S rRNA signals.
Quantitative RT-PCR for MMP-9 transcripts.
The MMP-9 mRNA and 28S rRNA steady-state levels were measured in 10-ng aliquots of total RNA by quantitative RT-PCR using a synthetic RNA (pCTR01) as external standard [32] . pCTR01 was introduced in each sample to monitor the variations in efficiency of MMP-9 and 28S RT-PCR reactions (5.103 and 4.106 copies/10 ng total RNA, respectively). RT-PCR was performed using the GeneAmp Thermostable RNA PCR Kit (Applied Biosystems, Foster City, CA) and two pairs of oligonucleotides (Eurogentec, Seraing, Belgium) 32 P-labeled by T4 polynucleotide kinase (Roche Molecular Biochemicals): 5'-GCGGAGATTGGGAAC-CAGCTGTA-3' and 5'-GACGCGCCTGTGTACACCCACA-3' for MMP-9 and 5'-GTTCACCCACTAATAGGGAACGTGA-3' and 5'-GATTCTGACTTAGAGGCGTTCAGT-3' for 28S. Reverse transcription was performed at 70°C for 15 min followed by 2 min incubation at 95°C for denaturation of RNA-DNA heteroduplexes. Amplification started by 15 s at 94°C, 20 s at 68°C, and 10 s at 72°C (29 cycles for MMP-9 and 15 cycles for 28S) and terminated by 2 min at 72°C. RT-PCR products were separated on acrylamide gels (10%) which were dried and auto-radiographed. The expected size for MMP-9 is 266 bp for the pCTR01 and 208 bp for the endogenous mRNA, and for 28S, 269 bp for the pCTR01 and 212 bp for the endogenous rRNA. Signals were quantified by scanning densitometry of the autoradiographies. The number of copies of endogenous MMP-9 mRNA and 28S rRNA were calculated by dividing the intensity of the signal for the external standard (pCTR01) by the intensity of the endogenous signal. All results were corrected for differences in RNA concentrations by dividing the number of copies of MMP-9 mRNA by the number of copies of 28S rRNA.
Quantification of cytokines and cytokine receptors by multiplex cDNA amplification.
Total RNA (1 µg) from HT1080 cells treated or not with GI129471 (1 µM) was reverse transcribed using the RETROscript first-strand synthesis kit (Ambion Inc., Austin, TX) and random primers as described by the manufacturer. Expression of GM-CSF, GM-CSFR, IL-1β, TNF-α as well as TNF-RI and TNF-RII mRNAs in HT 1080 cells treated or not with GI129471 (1 µM) was quantified using a CytoXpress-multiplex cDNA amplification kit (BioSource Europe, Nivelles, Belgium). The PCR thermocycle profile included an initial denaturating step at 96°C for 1 min, 2 cycles including a denaturating step at 96°C for 1 min, and an annealing step at 55°C for 4 min. The cycle program was continued for 33 cycles with the denaturating step at 94°C for 1 min and the annealing at 55°C for 2.5 min. The final elongation was at 72°C for 10 min. PCR products were analyzed on 2% agarose gel stained with ethidium bromide.
MMP-9 transcriptional analysis.
Two β-galactosidase vectors (pNA645 and pNA7.8) containing different lengths of the 5'flanking region of murine MMP-9 gene were constructed by ligating, respectively, 646 bp (-645 to +1 bp) and 7.8 kb (-7745 to +1 bp) of the MMP-9 promoter region [33] to the cloning site of the pNASSβ reporter vector (Clontech Laboratories, Palo Alto, CA). Control vector (pβgalCT, Clontech Laboratories) consisted of the SV40 early promoter inserted upstream of the β-galactosidase gene and the SV40 enhancer inserted downstream. HT1080 cells in 6-well plates (2 × 10 5 cells/well) were transiently cotransfected with the β-galactosidase reporter constructs and the luciferase vector (pSV21uc, kindly provided by Dr. M. Grooteclaes, Université de Liège, Liège, Belgium; used to monitor transfection efficiency) by using the Lipo-fectamine reagent (GIBCO-Life Technologies). To achieve optimal transfection efficiency, 1 µg of DNA (0.8 µg of the β-galactosidase construct and 0.2 µg of the luciferase construct) and 10 µg of lipo-fectamine were used as well. Cells were washed with serum-free medium 18 h after the start of the transfection experiment. They were then incubated for 24 or 48 h in serum-free medium containing either GI129471 (1 µM) dissolved in DMSO (0.1%) or DMSO (0.1%) alone. β-Galactosidase activity was measured in cell extracts by the chemiluminescent β-Gal Reporter Gene Assay (Roche Molecular Bio-chemicals) and was represented as relative β-galactosidase activity after normalization by the luciferase activity. Luciferase activity was measured as previously described [34] . Triplicate cultures were used in each experiment, and three independent experiments were conducted.
Measurement of cellular metabolic activity.
The potential influence of the different MMPIs on cellular metabolism and/or proliferation was evaluated as previously described [31] using the WST-1 assay (Roche Molecular Biochemicals) according to the manufacturer's protocol.
Cytokine immunoassays.
Interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) levels in HT1080 conditioned media were quantified by ELISA (Medgenix, Belgium and Roche Molecular Biochemicals, respectively) according to manufacturer's instructions. The sensitivity limit of the assays were 2 and 12 pg/ml, respectively.
In vitro invasion assay.
The potential influence of GI129471 on HT1080 cell invasiveness was assayed using polycarbonate filters (8-µm pore size) of Transwell cell culture chamber inserts (Costar) as described [31] . Briefly, uncoated or type IV collagen-coated (22 µg/ filter) filters were used, respectively, for chemotaxis and chemoinvasion assays. Lower wells of the chambers contained medium supplemented with 20% fetal calf serum and 1% BSA (fraction V, ICN Biomedicals, Doornveld, Belgium) as chemoattractant. The upper wells were seeded with 6 x 10 4 cells prepared in serum-free medium. GI129471 (1 µM) or DMSO alone (0.1%) were added to both lower and upper wells of the chambers. Chambers were incubated for 48 h (in order to maintain a chemotactic gradient, media from both lower and upper wells were renewed after 24 h) and 4 h (for chemoinvasion and chemotaxis assays, respectively), in a humid atmosphere at 37°C. After incubation, filters were removed from the chambers, fixed in 4% paraformaldehyde for 15 min, permeabilized for 10 min in methanol (-20°C), and stained with giemsa (4%). The upper surface of the filters was scraped with a cotton swab and cells having reached the lower surface of the filters were visually counted using a light microscope (Vanox AH3, Olympus) at 400-fold magnification. At least 20 random fields were counted per filter. Each experiment was performed in triplicate and repeated at least twice. 
FIG. 1: Inhibition of HT1080 invasiveness by GI129471. HT1080 chemoinvasion (black bar) and chemotaxis
Statistical analysis.
Results are expressed as the mean ± SEM of at least triplicate determinations. Statistical comparisons are based on the Mann-Whitney U test and were performed with the NCSS software. Differences were considered as statistically significant for P < 0.05.
RESULTS
Anti-invasive Activity of GI129471 on HT1080 Cells
We first examined, by using Transwell chambers, the potential influence of an hydroxamic acid based broadspectrum synthetic MMPI on HT1080 cell invasion through type IV collagen, a major component of basement membranes. In the presence of GI129471 (1 µM), HT1080 cells invasiveness was inhibited by about 80%, as compared to vehicle-treated cells (P = 0.000005, n = 12), whereas the ability of the cells to freely migrate through uncoated filters (measured by the chemotaxis assay) was not affected (Fig. 1) . Similar anti-invasive properties have previously been reported with other hydroxamic acid based MMPIs [35] [36] [37] and TIMPs [38] [39] [40] , as well as with anti-gelatinases anti-bodies [39, 41] . Because a reduced invasiveness could result from a cytotoxic effect of the inhibitor, cellular viability and metabolism were measured by the WST-1 assay after 48 h of treatment. The result of this assay completely ruled out this possibility (data not shown), indicating that the GI129471-dependent inhibition of HT1080 invasion was most probably mediated through a reduced proteolytic activity. Indeed, GI129471 has a broad spectrum of effects for different MMPs, with IC 50 values ranging from 14 to 100 nM (Table 1) . Gelatin zymography of conditioned media from the chemoinvasion assays revealed that, in control conditions, HT1080 secreted essentially two gelatinolytic enzymes of 66 and 92 kDa corresponding to the inactive pro-forms of MMP-2 and MMP-9, respectively. In addition, two activated forms of MMP-2 (62 and 59-kDa species) and a higher molecular weight gelatinase of approximately 120 kDa were also detected (Fig. 1 , insert and Fig. 2A ), the latter corresponding most likely to a complex between TIMP-1 and the 92-kDa pro-MMP-9 [42] [43] [44] . This high molecular weight band was recognized in Western blotting by MAB936, a monoclonal anti-human MMP-9 antibody (data not shown). Upon treatment with GI129471, the activated forms of MMP-2 were undetectable, reflecting the inhibition of MT1-MMP activity (as already demonstrated with BB-94 [45] ). Unexpectedly, the levels of both 92-kDa pro-MMP-9 and 120-kDa complex were strongly increased. However, oversecreted MMP-9 remained essentially inactive, as revealed by the presence of a very faint gelatinolytic band corresponding to the activated 84-kDa species. 
MMP-9 Secretion by HT1080 Is Stimulated by GI129471
To further assess the stimulatory effect of GI129471 on MMP-9 secretion, HT1080 cells plated on plastic were treated for 6, 24, and 48 h with either GI129471 (0-1 µM) or TPA (10 ng/ml). Both conditioned media and cell extracts were analyzed by gelatin zymography ( Figs. 2A and B) . After a 6-h incubation period, no significant differences were seen between treated or untreated cells: they essentially produced pro-MMP-2 and pro-MMP-9 (data not shown). Later on, TPA treatment clearly stimulated the secretion of the 92-kDa pro-MMP-9. This stimulation was maximal (about 10-fold) after 24 h (data not shown) and then decreased to a fivefold stimulation at 48 h ( Fig. 2A) . TPA also induced the production of a 45-kDa protein with a weak gelatinolytic activity corresponding to MMP-1 [46] , and increased the amount of 62 and 59-kDa active MMP-2 forms, accounting for the well-documented stimulatory effect of TPA on the MT1-MMP-dependent maturation process of pro-MMP-2 [25, 46, 47] . Similarly to TPA, treatment of the cells with GI129471 dose dependently stimulated the secretion of pro-MMP-9 with a maximal 6.6-fold stimulation after 48 h and 1 µM GI129471 (Fig. 2 A, lanes 3-6) . In contrast, pro-MMP-2 processing was dose dependently inhibited as revealed by the progressive disappearance of both 62 and 59-kDa MMP-2 species. Analysis of cellular extracts of untreated or DMSO-treated cells revealed the presence of abundant cell-associated MMP-2 forms and only trace amount of MMP-9 (Fig. 2B) . As observed in conditioned media, treatment with either TPA or GI129471 resulted in increased levels of cell-associated 92-kDa pro-MMP-9. Furthermore, an additional cell-associated gelatinolytic species of 85-kDa, which was recognized in Western blotting by a monoclonal anti-human MMP-9 antibody (data not shown), was also induced by both treatments (Fig. 2B) . Incubation of cellular extracts of GI129471-treated HT1080 cells with an organomercurial (4-aminophenylmercuric acetate) at 37°C for 3 h failed to activate the different gelatinolytic species present in this lysate, while it activated the proforms detected in the supernatant (data not shown). The failure to activate the 85-kDa form in the lysate could probably be ascribed to the presence of inhibitors. This MMP-9 species might thus correspond to either the unglycosylated precursor of pro-MMP-9 previously identified in TPA-treated cells [48] or an active membrane-bound MMP-9 [44, 49] . 
rTIMP-2, or GI129471-treated cells to MMP-9 produced by control cultures (untreated or DMSO-treated cells, respectively). A value of 1 was arbitrarily given to the control conditions. Relative stimulation (fold) of MMP-9 secretion is shown.
The influence of two other broad-spectrum hydroxamic acid based MMPIs, Batimastat (BB-94: 0.01-1 µM) and AG3340 (0.01-1 µM) on MMP-9 secretion was also investigated. While both BB-94 and AG3340, at concentrations ranging from 0.1-1 µM, completely inhibited pro-MMP-2 activation, only BB-94 increased MMP-9 secretion (data not shown), suggesting that the stimulation of MMP-9 secretion is not a general characteristic of this group of inhibitors. It should be noted that the concentrations of inhibitors tested in this study are compatible with those observed in vivo after intraperitoneal administration of BB-94 (plasma concentrations of 0.2-0.4 µM were detectable 28 days after a single administration [21] ).
In order to determine if the stimulation of MMP-9 secretion observed with some of these synthetic inhibitors could also be induced by natural and more specific MMPIs, HT1080 cells were treated with 0.01-1 µM of rTIMP-1 or rTIMP-2 (Fig. 2C ). In agreement with previously published data [16, 45, 50] , rTIMP-1 slightly reduced the formation of the active 59-kDa MMP-2 but failed to prevent the conversion of the 66-kDa pro-MMP-2 into the 62-kDa intermediate species (Fig. 2C, lanes 1-4) . In contrast, this pro-MMP-2 maturation process was completely abolished by rTIMP-2 (Fig. 2C, lanes 1 and 5-7) . However, neither rTIMP-1 nor rTIMP-2 were able to significantly modulate MMP-9 secretion, suggesting that this stimulatory process was not directly mediated by the inhibition of an active MMP.
FIG. 3: Activation of secreted pro-MMP-9 by exogenously added plasminogen. HT1080 cultures treated with GI129471 (1 µM, +) or vehicle alone (-) were supplemented with increasing concentrations of plasminogen: 0, 1, and 10 µg/ml. Culture media were collected after 48 h and analyzed by gelatin zymography.
GI129471 Does Not Prevent the Plasminogen-Dependent pro-MMP-9 Processing by HT1080 Cells
In our model, most of the MMP-9 secreted by HT1080 cells was in an inactive proform. However, MMP-9 could be activated in vivo by other proteinases such as serine proteinases. In this respect, it has been previously demonstrated that, in HT1080 cells, the conversion of plasminogen to plasmin through cell surface-bound urokinase-type plasminogen activator was able to activate endogenously secreted MMP-9 [29] . Here, we report that the addition of plasminogen to HT1080 cultures induced the conversion of 92-kDa pro-MMP-9 to activated 85-kDa form in a concentration-dependent manner (Fig. 3) . This process was not affected by the treatment with GI129471. However, it should be noted that the presence of increasing concentrations of plasminogen dramatically impaired the capacity of GI129471 to inhibit the chemoinvasion of HT1080 cells through type IV collagen-coated filters (data not shown).
MMP-9 Secretion Is Not Ubiquitously Increased by GI129471
In order to define whether the GI129471-increased MMP-9 secretion observed in HT1080 cells also occurred in other cell types, different human cells, including CKEJ (HPV-33 transformed cervix keratinocyte), S.I.5 (MT1-MMP-transfected A2058 melanoma), MCF7 and BT549 (two mammary carcinomas), and primary skin fibroblasts were treated with either TPA (10 ng/ml), GI129471 (1 µM), or vehicle (DMSO 0.1%). Analysis by gelatin zymography of 48-h conditioned media revealed that, despite a very heterogeneous basal level of MMP-9 secretion, TPA induced or increased this secretion in all cell types tested. In contrast, GI129471-mediated MMP-9 oversecretion was limited to HT 1080 and melanoma S.I.5 cells (Table 2) . 
GI129471 Increases MMP-9 mRNA Steady-State Level in HT 1080 Cells
The MMP-9 mRNA level in HT1080 cells treated for 6, 24, and 48 h with either TPA (10 ng/ml) or GI129471 (0-1 µM) was measured by quantitative RT-PCR. Quantification of the RT-PCR products revealed that both treatments increased the MMP-9 mRNA level (Fig. 4 ). Upon treatment with TPA, a rapid fivefold increase was already detected after 6 h (Fig. 4A, lanes 1-2) . The stimulatory effect of GI129471 on MMP-9 mRNA level was dose dependent and maximal at the concentration of 1 µM (Fig. 4, lanes 3-6) . When compared to TPA, the GI129471-mediated MMP-9 mRNA increase was delayed: the stimulation was maximal (three to four fold) after 24 h and then declined during the next 24 h (Fig. 4B ).
Northern blot analysis was also used to compare the effects of TPA and GI129471 on the expression of other MMPs and TIMPs. Unlike TPA, GI129471 did not induce nor increase MMP-1, MT1-MMP, or TIMP-1 mRNA levels (data not shown). Our data are consistent with earlier reports demonstrating the upregulating activity of TPA on MMP-1, MMP-3, MMP-9, MT1-MMP, and TIMP-1 expression in different cell types [46, 47, 51] .
GI129471 Stimulates the Transcriptional Activity of the MMP-9 Promoter in HT1080 Cells
To assess whether the GI129471-induced increase of MMP-9 mRNA level was a consequence of a transcriptional upregulation of the corresponding gene, we transiently transfected HT1080 cells with either pNA645 or pNA7.8 reporter vectors (Fig. 5) . These constructs were made up of the 5'-flanking region of murine MMP-9 gene (-645 to +1 bp or -7745 to +1 bp, respectively) linked to the β-galactosidase reporter gene. pNA645 contained the cis-elements (two AP-1 as well as one Sp-1 and one NF-κB binding sites) essential for basal as well as TPA-and TNF-α-induced promoter activity [12] . In addition to these essential sequences, pNA7.8 also contained an additional AP-1 site as well as other yet unidentified upstream sequences.
Preliminary experiments have demonstrated the stimulatory effect of TPA on the transcriptional activity of these two constructs (data not shown). Transfected cells were treated for 24 and 48 h with GI129471 (1 µM) or vehicle alone, and the β-galactosidase activity was measured in cell extracts (Fig. 5) . In the presence of GI129471, β-galactosidase activity was slightly increased after 24 h with both vectors (1.4-fold and 2.8-fold for pNA645 and pNA7.8, respectively). After 48 h, the stimulatory effect of GI129471 was even more obvious with β-galactosidase activities stimulated by about fourfold in both transfectants, thus confirming the delayed stimulation already observed at both mRNA and protein levels. Analysis by gelatin zymography of the corresponding conditioned media confirmed the increased MMP-9 secretion following GI129471 treatment (data not shown). These data clearly demonstrated that the GI129471-stimulated MMP-9 synthesis was, at least in part, mediated through an enhanced transcription of the MMP-9 gene. 
FIG. 4:
The GI129471 -Induced MMP-9 Overexpression in HT1080 Cells Is Not Mediated by IL-1β or TNF-α
The delayed stimulation of MMP-9 secretion triggered by GI129471 suggests that this inhibitor does not directly modulate the transcriptional activity of MMP-9 promoter but rather acts through an indirect mechanism. In this respect, several molecules, including cytokines such as IL-1β, TNF-α, epidermal growth factor, granulocyte macrophage-colony stimulating factor (GM-CSF), transforming growth factor-β, TNF-β, interferon-γ, IL-4, and IL-6 [52] [53] [54] , as well as ECM components such as fibronectin, collagens, laminin, and tenascin [13, [55] [56] [57] have been reported as potent modulators of MMP-9 expression in different cell types. This raised the possibility that the effect of GI129471 on MMP-9 secretion might be mediated through modulations of the activities of these ECM components, cytokines, and/or their respective receptors. In order to detect a potential GI129471-dependent modulation of the expression profile of some of these cytokines and/or their receptors in HT1080 cells, we used a multiplex cDNA amplification assay to monitor the mRNA levels of GM-CSF, its receptor (GM-CSFR), IL-1β, IL-6, and its receptor (IL-6R) as well as TNF-α and its two receptors (type I and type II receptors, TNF-RI and TNF-RII, respectively). Our data reveal that the levels of TNF-α, GM-CSF, and GM-CSFR mRNAs are extremely low and are not affected by the presence of GI129471 (Fig. 6 ). In accordance with this mRNA analysis, no immunoreactive TNF-α is detected in the corresponding conditioned media by ELISA measurement (data not shown). Altogether, these data suggest that neither TNF-α nor GM-CSF are likely to direct mediators of MMP-9 overexpression. In contrast, the mRNAs corresponding to IL-1β, IL-6, and its receptor as well as the two TNF-Rs are clearly detected but their relative abundance is not modulated upon treatment with GI129471 ( Fig. 6) , excluding a potential influence of this inhibitor on the steady-state mRNA levels of these genes. Despite this absence of transcriptional modulation of IL-1β, GI129471 induces a twofold increase of secreted IL-1β concentration as detected by ELISA (Fig. 7) . A similar stimulation of IL-1β secretion by synthetic MMPIs has been previously documented by others [27, 58, 59] and results most probably from the inhibition of an MMP-mediated IL-1β degradation [60] . In order to assess whether this elevated IL-1β concentration could mediate MMP-9 overexpression, HT1080 cells, treated or not with GI129471 (1 µM), were supplemented with increasing concentrations of recombinant human IL-1β (0-5 ng/ml) and 48-h conditioned media were analyzed by gelatin zymography. In accordance with previously published data [47, 61] our results do not reveal any modulation of MMP-9 secretion upon IL-1β treatment (data not shown), thus ruling out a potential involvement of this cytokine in this process. Further analysis will be required to better define the mechanism(s) that account for this transcriptional upregulation. 4) and the different mRNA levels were measured by a multiplex cDNA amplification assay. Lane 5, control DNA.
FIG. 6: Influence of GI129471 on the expression of GM-CSF, GM-CSFR, IL-lβ, IL-6, IL-6R, TNF-α, TNF-RI, and TNF-RII. HT1080 cells were treated with 1 µM GI129471 (lanes 1 and 3) or vehicle (lanes 2 and 4) for 24 h (lanes 1 and 2) and 48 h (lanes 3 and
FIG. 7: GI129471 increases IL-10 concentration in HT1080 cells. HT1080 cells were incubated in the presence of GI129471 (1 µM; closed circles) or vehicle (open circles). Conditioned media were harvested after 24 and 48 h and IL-1β levels determined by ELIS A.
DISCUSSION
Our findings clearly demonstrate that GI129471, a synthetic peptidomimetic broad-spectrum MMPI, could, in addition to its classical inhibitory activities, specifically upregulate both transcription and synthesis of pro-MMP-9. The activation of MMP-9 has been demonstrated to be essentially mediated by plasmin [29, 49] . In this study, we used HT1080 cells, which synthesize urokinase-type plasminogen activator (uPA) and its cell surface receptor (uPAR) but not plasminogen [29, 49] . As a consequence of the absence of plasminogen, HT1080 cells were unable to efficiently activate pro-MMP-9 under basal conditions (unsupplemented serum-free culture medium). During the chemoinvasion assay, HT1080 cells degrade and migrate through a layer of type IV collagen. Activated MMP-2 and -9 are well-known mediators of this type IV collagen degradation. However, we have previously demonstrated that, in the absence of exogenous plasminogen, the chemoinvasion of HT1080 cells relies essentially on activated MMP-2. Indeed, chemoinvasion was strongly reduced when the HT1080 cells were treated with a furin inhibitor, which decreased MMP-2 maturation but altered neither MMP-9 secretion, nor activation [31] . In contrast, when the cells were treated with increasing concentrations of plasminogen, cell surface-generated plasmin efficiently converted the 92-kDa pro-MMP-9 to a 84-kDa active species, resulting in a dose-dependent stimulation of chemoinvasion. These different observations are in good agreement with earlier studies [49] demonstrating that (1) type IV collagen degradation by HT1080 cells was MMP dependent (plasmin failed to directly degrade type IV collagen), and (2) that the addition of plasminogen greatly enhanced this degradation as a consequence of an increased activation of pro-MMP-9.
When the chemoinvasion assay was performed in the presence of increasing concentrations of GI129471, a dosedependent stimulation of pro-MMP-9 secretion was observed. However, invasion was not promoted because (1) pro-MMP-9 processing was not enhanced (plasminogen was absent), and (2) the proteolytic activities of both the mature MMP-2 and the low level of mature MMP-9 were blocked by the MMPI, thus precluding type IV collagen degradation. In contrast, when both GI129471 and plasminogen were present during the invasion assay, the overexpressed pro-MMP-9 was efficiently activated and the inhibitory effect of GI129471 on chemoinvasion was reduced, most probably as a consequence of an altered balance between the concentrations of active MMPs and molecules of inhibitor. The increased MMP-9 expression is not a systematic consequence of the treatment with MMPIs because other synthetic (such as AG3340) as well as natural (such as TIMP-1 and TIMP-2) inhibitors are unable to elicit a similar response. It is worth noting that a similar stimulation of MMP-9 expression has also been observed in vivo in mice treated with galardin and BB-94, two other broad-spectrum hydroxamic acid based MMPIs [62, 63] . These divergent abilities for these different inhibitors to trigger MMP-9 expression might arise from either their distinct natures (i.e., peptidomimetic, such as GI129471, BB-94, and galardin, vs nonpeptidomimetic molecules such as AG3340) and/or their selectivity. Moreover, the MMPImediated upregulation of MMP-9 clearly differs from the well-characterized induction observed in the presence of TPA in that: (1) it requires a longer incubation period and (2) it is cell type specific, suggesting the involvement of distinct mediators and/or signaling pathways. Among the numerous factors known to regulate MMP-9 expression, we selected IL-1β and TNF-α for further investigation because their bioactivities have previously been reported to be modulated by MMPs or MMP-like proteinases [60, 64] . However, our data do not reveal any implication for these two cytokines in MMP-9 upregulation.
Treatment with broad-spectrum MMPIs such as GI129471 can deeply alter the cellular environment. Indeed, a growing body of evidence suggests that the unspecific inhibition of MMPs and MMP-like proteinases (such as the adamalysins) might, among other things, lead to the accumulation of ECM components, the prevention of the exposure of cryptic protein domains, and the reduced shedding of several cell surface protein ectodomains such as membrane-anchored growth factors, growth factor receptors, cell adhesion molecules, and ectoenzymes as well as proteins of unknown functions [4, 65, 66] . Because the expression of most MMPs is tightly controlled through complex signaling cascades initiated at the plasma membrane by an array of receptors (including integrins as well as cytokines and growth factor receptors) which sense the cellular environment, MMPI-induced alterations of this pericellular environment might therefore promote the accumulation of inducer(s) and/or prevent the generation of inhibitors that will affect downstream signaling cascades, ultimately resulting in modifications of the initial gene expression profile. Such a mechanism is illustrated by the type I collageninduced activation of tyrosine kinases of the discoidin domain receptor which ultimately trigger the synthesis of MMP-1. However, the MMP-1 -mediated cleavage of collagen abolishes the receptor activation, creating a specific negative-feedback regulatory loop [67, 68] . In the presence of broad-spectrum MMPIs, the impaired collagen degradation might prevent this negative regulation, resulting in an uncontrolled stimulation of MMP-1 expression.
Our results should be paralleled with the recently halted clinical development of some synthetic MMPIs due to the occurrence of severe side effects, including inflammatory polyarthritis, in cancer patients treated with such molecules [24, 69] . In this context, it is worth noting that elevated MMP-9 levels were consistently reported in arthritic patients [70] . Moreover, MMP-9 was suggested to contribute to the progression of the disease [71] , supporting the concept that the higher MMP-9 expression observed in the presence of some synthetic MMP inhibitors could play a causal role in the appearance of these clinical side-effects. Furthermore, recent data revealed that the treatment of tumor-bearing mice with BB-94 (a MMPI which upregulates MMP-9 expression in our in vitro model) inhibited the growth of inoculated primary tumors. However, it also promoted a liver-specific overexpression of MMP-9 as well as the development of liver metastasis [63, 72] . These observations should be related to previous reports demonstrating the pivotal role of MMP-9 in the formation of distant metastasis. Indeed, Kim and coworkers [9] reported that a rate-limiting step for metastasis was the breaching of the vascular wall (which contains large amounts of type IV collagen). Interestingly, they elegantly proved that a cooperation between uPA/uPAR system (which mediates the conversion of plasminogen into plasmin) and MMP-9 was required to complete this step. In addition, Hua and Muschel [73] showed that while the inhibition of MMP-9 in tumor cells did not affect their tumorigenicity, a strong reduction of the number of distant metastasis was observed. Altogether, these different reports support the concept that in vivo (i.e., in situations where endogenous plasminogen is present) MMP-9 is required for the formation of metastasis. It is worth noting that the elevated MMP-9 expression induced by some MMPIs was not restricted to tumor cells. Indeed, higher MMP-9 levels were also detected in livers from BB-94-treated mice that were not inoculated with tumor cells [63] as well as in cultured mammary epithelial cells [74] . Collectively, these observations reveal that an enhanced production of MMP-9 by tumor cells and/or the surrounding stromal cells might promote a metastatic dissemination.
Altogether these different data emphasize the complexity of the regulation of MMP expression and the requirement for a detailed characterization of the potential adverse side effects associated with the in vivo administration of such broad-spectrum MMPIs.
